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Abstract
HEPES-buffered solutions, mostly used in studies of isolated cells, and bicarbonate-buffered solutions, mostly used in studies
of isolated retinal tissues, have both been used to superfuse an isolated rabbit retina preparation. The responses of horizontal cells
(HCs) to light, detected by intracellular microelectrodes filled with Lucifer Yellow, were recorded. Buffering of the superfusate
with 100% HEPES completely, but reversibly, abolished the responses of A-type HCs, and is not, therefore, suitable for studies
on isolated rabbit retinas. The responses remained when buffering was partially with HEPES and partially with bicarbonate, but
were changed: in A-type HCs the overshoot was reduced and the afterpotential was increased. The overshoot may be caused by
feedback of HCs on the cones and might be dependent on pHi at the synaptic structure between HCs and photoreceptors. © 2001
Elsevier Science Ltd. All rights reserved.
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1. Introduction
HEPES is now used mostly as a convenient buffer in
isolated cell studies, and was used by Blanco, Vaquero,
and de la Villa (1996) for studies on isolated horizontal
cells (HCs) of the rabbit retina. For studies on isolated
retinal tissue, however, superfusion is generally with
bicarbonate-buffered solutions. When Hare and Owen
(1998) compared physiological solutions buffered with
bicarbonate and with HEPES on a tiger salamander
retina preparation they found that the responses of the
HCs to light were greater when buffering was with
HEPES than with bicarbonate. When bicarbonate is
absent from the superfusate HCO3− then leaves the cell
as CO2 and the intracellular pH (pHi) increases tran-
siently. The activity of the HCO3−/Cl− transporter is
then changed, and this changes the Cl− concentration
inside the cell and the pHi finally decreases (Thomas,
1977). These consequences could cause secondary ef-
fects and vary the responses of HCs to light. This study
was undertaken to determine whether or not HEPES-
buffering modifies the responses of HCs of the rabbit
retina to light stimulation.
2. Methods
Rabbits, anaesthetized with 2.0 g urethane per kg of
body weight, were dark-adapted at least 1 h before
enucleation of the eyes under dim red light. The rabbits
were killed by an overdose of urethane after both eyes
had been removed. The preparation of the isolated
retina and superfusion solutions, the construction of
the chamber and the general experimental procedure
have been described (Hanitzsch & Bornschein, 1965;
Hanitzsch, Tomita, & Wagner, 1984). Briefly, a piece of
retina of about 7 mm diameter was isolated and put in
a perfusion chamber under dim red light. The lower
side (in this study the receptor side) of the tissue was
superfused with a physiological solution or a serum–sa-
line mixture (serum–saline 10:90%; composition of sa-
line in mM: 116 NaCl, 4 KCl, 1.8 CaCl2, 0.9 MgSO4,
24 NaHCO3, 8.3 glucose) equilibrated with O2/CO2
95:5% and kept at 33°C. The upper side of the retina
was kept moist. The tissue was first superfused with a
bicarbonate-buffered physiological solution. The tran-
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sretinal electroretinogram (ERG) was recorded between
two silver–silver chloride electrodes coupled by agar
bridges to the retina.
Intracellular HCs records were obtained with mi-
croelectrodes drawn out on a Flaming/Brown mi-
cropipette puller (model P-87) and filled with Lucifer
Yellow. The tip resistances measured in physiological
solutions were between 200 and 800 M. A microelec-
trode was lowered into the retina from the vitreal
surface and impalement of cells was facilitated by the
buzz of the input stage Axoprobe 1A. Horizontal cells
were penetrated at a depth of about 60–90 m, and
were recognized by their potential shape and their large
receptive fields, which were measured by spots of in-
creasing diameters (0.15, 0.3, 0.6, 1.2, 2.4 mm) at low
intensity (−5 log units).
When a cell was penetrated, and responses to light
had been recorded, the superfusate was changed to a
totally (100%) or partially (33 or 40%) HEPES-buffered
solution, and then returned to the control solution. The
composition of the HEPES (N-2-hydroxyethylpiper-
azine-N -2-ethane-sulfonic acid) solution was in mM:
138 NaCl, 4 KCl, 1.8 CaCl2, 0.9 MgSO4, 5 HEPES, 8.3
glucose. All superfusates had a pH of 7.4–7.5.
The HCs were marked with Lucifer Yellow by injec-
tion of a negative current of 2 nA for 12 min. The cells
were later identified as HCs in whole mount prepara-
tions by fluorescence microscopy, then photographed
and drawn. The multi-depth drawing of the stained
cells gives more detail than does the single-depth pho-
tograph. Most records are from A-type cells.
The bandwidth of the amplifier (Dash IV, Astro-
Med) was 0–500 Hz. Light stimuli of 1 s duration were
provided by a 150 W Xenon arc lamp (Leitz), log 0
corresponds to 38 W m−2. The retina was kept dark-
adapted with stimulus intervals of at least 30 s, at high
intensities 2–3 min.
3. Results
Fig. 1 shows the effect of a solution buffered solely
by HEPES on an A-type HC. When superfused for 20
min with a 100% HEPES-buffered solution the light
response was transiently increased by a stronger hyper-
polarization of the membrane potential during light.
The membrane potential then became hyperpolarized in
the dark and the response to light stimulation de-
creased. Ultimately the hyperpolarization in the dark
became so strong that no further hyperpolarization
could occur in response to light. Upon return to super-
fusion with the bicarbonate-buffered solution the HC
potential recovered. The hyperpolarization in the dark
was first reduced and then the response to a light
stimulus returned. The staining of the cell shows an
A-type HC (Fig. 1).
The same effects of 100% HEPES-buffered solution
were recorded from four other A-type HCs. In these
HCs HEPES was applied for about 5 min and the effect
was reversible after switching to the bicarbonate-
buffered solution.
There are interesting effects when the buffering of the
solution is partly by HEPES and partly by bicarbonate.
The upper part of Fig. 2 shows the influence of superfu-
sion with solutions buffered with approximately one
third HEPES (four times with 33% and three times with
40% HEPES) and two thirds bicarbonate on the ampli-
tude of the responses of seven A-type HCs to increasing
light intensities (in Fig. 2 this mixed buffering is la-
belled as one third HEPES buffer). At low light intensi-
ties the response tended to increase, but at high
intensities the response was less than that when the
superfusate was 100% bicarbonate-buffered. With the
exception of the highest light intensity none of these
values is statistically different from those obtained with
bicarbonate-buffering. We also could not find a differ-
ence in the receptive field size of A-type HCs when
buffering was with bicarbonate or partly with HEPES.
There were, however, marked differences in the
configuration of the potential, namely in the relation-
ships between the overshoot potential, the plateau po-
tential and the afterpotential (the nomenclature is given
in the lower part of Fig. 2 and the legend). The change
from the initial potential to the plateau potential was
caused by a depolarization. It is usually described as
rolling back and is thought to be caused by feedback
from HCs to cones (Fahrenfort, Habets, Spekreijse, &
Kamermans, 1999; Vigh & Witkovsky, 1999) and is
Fig. 1. The effect of a solution buffered solely by HEPES on an
A-type HC. Although HEPES abolished the light response after
about 3 min, the application lasted 20 min. In the recovery phase with
bicarbonate there is a 1.5-min break in the record. Light intensity was
−5 log units. Calibrations as indicated. Upper right corner: drawing
of the stained A-type HC.
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Fig. 2. Dependence of A-type HC amplitude on light intensity when
superfused with a bicarbonate-buffered solution (continuous line) or
after 5 min of superfusion with a solution buffered partly by HEPES
(broken line). Partially HEPES-buffering was four times with 33%
and three times with 40% HEPES and is indicated as one third
HEPES buffer. Mean values and S.D., n=7. Lower part of figure:
nomenclature of potentials, the overshoot is the initial potential
minus plateau potential.
Fig. 3. Effect of 40% HEPES-buffered solution on light responses of
an A-type HC at different intensities (as indicated). First column:
bicarbonate-buffering. Second column: after 5 min of 40% HEPES-
buffering (sample of Fig. 3). Third column: after 20 min 40% HEPES-
buffering. Fourth column: again bicarbonate-buffering. Calibrations
as indicated. Same cell as in Fig. 1.
strongest at middle intensities (Kraaij et al., 2000). The
change in the configuration of the potential when
buffering was partly by HEPES and partly by bicar-
bonate is demonstrated in Fig. 3. This figure is a sample
data from the mean value curve and shows the effect of
a solution with 40% HEPES on the HC potentials at
increasing intensities (same cell as in Fig. 1). There was
a drastic increase in the plateau potential, a reduction
of the overshoot which was largest at middle intensities,
and there was a significant increase in the afterpotential
when the buffer was 40% HEPES. The mean values are
given in Table 1. The pattern of potential was not
altered when the application of HEPES was lengthened;
these effects were always reversible.
The influence of HEPES on the soma of B-type HCs
seem not to be different from that on A-type HCs. We
were only able to record from one soma of a B-type cell
and only able to apply a solution which was buffered
by 50% HEPES and 50% bicarbonate before staining
the cell (Fig. 4). The light response and the effect of
HEPES was similar to that of A-type HCs. HEPES
reduced the overshoot and the afterpotential increased.
The size of the overshoot was sometimes used as a
means of distinguishing between A-type HCs with a
large or B-type HCs with a small overshoot. Because,
however, there is a large variability in the size of the
overshoot in A- and B-type HCs this is not possible.
Fig. 5 shows two A-type HCs both superfused with
bicarbonate-buffered solution; they were recorded from
different preparations. It has long been known
(Bloomfield & Miller, 1982; Dacheux & Raviola, 1982;
Raviola & Dacheux, 1983) that HCs with large over-
Table 1
The plateau potentials and afterpotentials of A-type HCs (n=7) were
expressed as percentage of the amplitude at light on (= initial poten-
tial) in bicarbonate and in one-third HEPES-buffered solution
physiological solutionPhysiological solution
buffer: bicarbonate (%) buffer: one-third
HEPES (%)
Plateau potential of A-type HCsa
5114 8218−4 log units
intensity
9713−3 log units 6817
intensity
Afterpotential of A-type HCsb
−2 log units 82234317
intensity
There is a significant increase in the afterpotential and the plateau
potential (corresponds to a decrease in the overshoot) in one-third
HEPES-buffered solution.
a Wilcoxon test at both intensities P=0.01.
b Wilcoxon test P=0.01.
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Fig. 4. Effect of a 50% HEPES-buffered solution on light responses
of a soma of a B-type HC at different intensities (as indicated). First
column: bicarbonate-buffering. Second column: after 5 min 50%
HEPES-buffering. Third column: again bicarbonate-buffering. Cali-
brations as indicated. Lower end of the figure: drawing of the stained
B-type HC.
a 100% HEPES-buffered solution could be tested on
only one axon terminal. The effect was similar to that
of A-type HCs: the amplitude was greatly reduced, but
was not abolished in that short time of application, and
was reversible.
Fig. 6 shows the axon terminal response to light
stimuli when the superfusate buffering was first by
bicarbonate and then by one-third HEPES for 10 min.
The afterpotential was larger at −3 log intensity and at
−2 log units it was prolonged. The reversibility of the
effect could not be tested because the cell was then lost.
In none of the three axon terminals, which were iden-
tified by subsequent staining, were we able to check the
reversibility. Thus precise assessment of amplitude
changes was not possible. In no case, however, was
there a drastic change in the initial amplitude when
buffering was by one-third HEPES. The prolongation
of the afterpotential (−2 log intensity) was measured
by determining the time when half of the initial ampli-
tude was reached again; this time was 9.10.8 s (n=3)
Fig. 5. Comparison of the response shape of two different A-type
HCs at increasing intensities recorded from different preparations,
both with solutions buffered by bicarbonate. Left column: A-type HC
with large overshoot and small afterpotential (lower end of the figure:
drawing of the stained cell). Right column: A-type HC with small
overshoot and large afterpotential (right upper corner: drawing of the
stained cell). Light intensities and calibrations as indicated.
shoots have small afterpotentials and HCs with small
overshoots have larger afterpotentials. We had the im-
pression that we encountered more A-type HCs with
large overshoots and small afterpotentials in some
preparations than in others. This may have depended
on day-to-day variations in the quality of the prepara-
tion and/or the microelectrodes. How different the
threshold for the A-type afterpotential can be is evident
from a comparison of the two A-type HCs of Fig. 5
with a large overshoot and a small afterpotential (left,
drawing of the cell: lower end of the figure) and an
A-type HC with a small overshoot and a large afterpo-
tential (right, drawing of the cell: right corner); the
difference is more than one log unit.
The effect of a solution buffered partly by HEPES on
axon terminals was also of interest. The light responses
of axon terminals do not have overshoots but large
afterpotentials. Recording from axon terminals of B-
type HCs is difficult and we were seldom able to get
stable records for long enough to apply the solution
buffered by HEPES for more than 3 min. The effect of
changing the superfusion from bicarbonate-buffered to
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Fig. 6. The effect of changing the superfusion from bicarbonate-
buffered (first column) to a 33% HEPES-buffered (second column)
solution on an axon terminal. Light intensities and calibration as
indicated. The staining of this axon terminal has coloured the soma
of the B-type HC (lower end of the figure).
(S.D., n=7) of the initial potential without GABA,
and was 4819% (S.D., n=7) when GABA was
added to the superfusate. Thus, there was no change in
the relation between the initial response and the over-
shoot. The afterpotential (−2 log intensity) was 54
19% (S.D., n=7) of the initial response without
GABA, and 5122% (S.D., n=7) with GABA.
4. Discussion
When the isolated rabbit retina was superfused with
a bicarbonate-buffered physiological solution, the sub-
sequently identified A-type and soma of B-type HCs
responded to light with hyperpolarization. The
recorded potential pattern is affected by the intensity of
the light stimulus: at middle light intensities there is a
transient potential at light-on, the overshoot, and at
high light intensities there is an afterpotential at light-
off.
Because most records with HEPES-buffering were
from A-type HCs the consideration here is mainly the
responses of A-type cells. When the buffering of the
superfusate is entirely by HEPES the A-type HCs no
longer respond to the light stimulus and the dark
membrane potential becomes strongly hyperpolarized.
The normal dark adaptation membrane potential and
the normal response to a light stimulus return when
buffering is changed back to bicarbonate. Evidently,
then, HEPES-buffering is unsuitable for studies of HCs
in the isolated rabbit retina.
Why HEPES abolishes the response of HCs to light
in rabbit retina, and also in turtle and fish retina
(Piccolino & Baldridge, Personal communications), but
enlarges the response in salamander retina (Hare &
Owen, 1998), is not known. In the carp retina (Wu &
with bicarbonate buffering and 11.70.6 (n=3) with
one-third HEPES-buffering. The staining of the axon
terminal of Fig. 6 has resulted in a retrograde colouring
of the cell body of the B-type HC.
It was of interest to know whether the effect of
HEPES is specific for HCs. We therefore tested the
effect of 100% HEPES-buffer on the ERG (Fig. 7). The
b-wave of the ERG was abolished but the PIII compo-
nent was well preserved. The amplitude of the PIII
component, however, is significantly reduced (at −4
log intensity to 7520%, S.D., n=5, and at −5 log
intensity to 5718%, S.D., n=8; Wilcoxon signed
rank test P=0.03).
Because the rolling back of the HC light responses is
thought to be caused by feedback, and one possibility is
that the feedback mechanism is GABAergic (for review
see: Piccolino, 1995), we checked the influence of 2×
10−3 M GABA on the light responses of A-type HCs
in bicarbonate-buffered solution. GABA reduced the
light responses of rabbit A-type HCs (Fig. 8) but there
was no difference in the reduction of the initial re-
sponse, the overshoot and the afterpotential. The
plateau potential (−4 log unit intensity) was 4814%
Fig. 7. Effect of a 100% HEPES-buffered solution on the ERG at
three different intensities (as indicated). First column: bicarbonate-
buffering. Second column: after 5 min 100% HEPES-buffering. Third
column: again bicarbonate-buffering. Calibrations as indicated.
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Fig. 8. Effect of a bicarbonate-buffered solution with 2×10−3 M
GABA on light responses of an A-type HC (lower end of the figure:
drawing of the stained cell) at three different intensities (as indicated).
First column: normal solution with bicarbonate-buffering. Second
column: after 5 min of 2×10−3 M GABA. Third column: again
normal solution. Calibrations as indicated.
Djamgoz, Wagner, & Witkovsky, 1995; Lam, 1997) is
reduced or even blocked. The abolition of the ERG
b-wave, which originates at least partly in ON bipolar
cells (Gurevich & Slaughter, 1993; Sieving, Murayama,
& Naarendorp, 1994; Xu & Karwoski, 1994a,b;
Hanitzsch, Lichtenberger, & Ma¨ttig, 1996), is also in-
dicative of the lack of the transmitter.
One possible explanation for the transmission failure
between cones and HCs could be a change in pHi.
When HEPES is the buffer the absence of HCO3− will
cause CO2 to leave the cell and result in a transient
increase in the intracellular pH (pHi). This could be
followed by a prolonged pHi-decrease because the lack
of bicarbonate inhibits normal pHi-regulation
(Thomas, 1977). A change of pHi may also influence
the pH in synaptic clefts. A pH change could shift the
activation curve for the calcium current in the cones
and thus impede the transmitter release (Barnes & Bui,
1991; Fahrenfort et al., 1999; Kamermans & Spekreijse,
1999). If the membrane potential of the cones and the
activation range of the calcium current overlap to dif-
ferent degrees in different species (see Gaal, Roska,
Picaud, Wu, Marc & Werblin 1998), this could account
for different effects of HEPES-buffering on transmitter
release in different species. In the salamander retina, for
example, HEPES-buffered solutions do not abolish the
light responses of HCs and the transmitter release must
continue.
When the buffering was partly by HEPES (33 or 40%
HEPES) the light responses were not diminished but
the configuration of the potential was changed: the
overshoot was reduced and the afterpotential was
enlarged.
The soma and dendrites of A- and B-type HCs are
connected to cones (for review see: Dowling, 1987;
Wa¨ssle & Boycott, 1991; Kolb, 1994; Peichl, Sandmann
& Boycott, 1998). The overshoot or rolling back of the
initial potential to a more depolarized level is thought
to be caused by retrograde influences of HCs on the
cones. With diffuse light it is not possible to distinguish
between feedback onto the same photoreceptor as that
which has stimulated the HC, and crossing (lateral)
inhibitory influences of the response of one photorecep-
tor to light upon another nearby photoreceptor. What-
ever the nature of the retrograde influence is it is
expressed here as feedback. One possibility is that the
feedback is caused by GABAergic influence (for review
see: Piccolino, 1995). We checked the effect of 2×10−3
M GABA on the overshoot and afterpotential of HC
responses to light during bicarbonate-buffering, but
found none. There was no significant difference in the
reduction of the initial amplitude, the overshoot and
the afterpotential (Fig. 8). Neither the afterpotential
nor the overshoot seems to involve a GABAergic
mechanism.
Dowling, 1978) and in the roach retina (Kirsch, Wag-
ner, & Djamgoz, 1991) the HCs respond to light stimu-
lation when the buffering is by a combination of
HEPES and bicarbonate. Thus the effect of HEPES-
buffering could be due to the reduction of bicarbonate
rather than to the presence of HEPES.
It is unlikely that a bicarbonate deficiency has a
pronounced effect on the responsiveness of rabbit pho-
toreceptors to light because photoreceptor responses
are present when buffering is with either HEPES or
bicarbonate (Sampath, Matthews, & Fain, 1998 and
Matthews, Personal communication). The PIII compo-
nent of the ERG, which is composed of the photorecep-
tor potential and slow PIII (Tomita, 1970; Hanitzsch,
1973; Steinberg, Frishman, & Sieving, 1991) remains
although the b-wave of the electroretinogram is abol-
ished (Fig. 8 and Winkler, Personal communication)
when buffering is wholly with HEPES.
Since the dark adapted membrane potential of HCs
becomes strongly hyperpolarized when the buffering is
by HEPES, it is possible that the glutamate transmitter
release from photoreceptors (Dowling, 1987; Wu, 1994;
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There are other possible explanations for the over-
shoot or rolling back of the response of HCs to light
(Verweij, Kamermans, & Spekreijse, 1996; Fahrenfort
et al., 1999). A light stimulus hyperpolarizes cones, and
this causes a reduction in the calcium current and in the
transmitter release. This causes the HCs to hyperpolar-
ize and that will change the feedback onto cones. This
will shift the calcium activation function to more nega-
tive potentials (see Fig. 12 in Fahrenfort et al., 1999).
The calcium current might thus be increased and
thereby increases the transmitter release, and result in
the secondary depolarization (rolling back) of HCs.
The feedback of the HCs is thought to be an electri-
cal feedback in the hemichannels of the triads of the
photoreceptors (Fahrenfort, Sjoerdsma, & Kamermans,
2000; Kamermans & Kraaij, 2000), which possess the
connexin 26 (Janssen-Bienhold, Schultz, Gellhaus,
Schmidt, & Weiler, 2000). The connexin 26 seems to be
sensitve to pH changes (Bevans & Harris, 1999). It may
be that with only partial buffering by HEPES a small
change in the pH in the HCs or in the synaptic cleft is
enough to change the hemichannel transmission, and
thus to modulate the feedback mechanism and reduce
the overshoot.
If the feedback mechanism is an electrical one (Byzov
& Shura-Bura, 1986; Kamermans & Kraaij, 2000) the
size of the intersynaptic space and its resistance must be
critical. A mechanical stress of the retina might then
influence the feedback, and that could explain the vari-
able amplitude of the overshoot even in bicarbonate-
buffered solutions (Fig. 5). In the rabbit retina the
overshoot can be far less pronounced or absent when
the retinas are superfused from the vitreal side
(Hanitzsch & Bligh, 1999) and the afterpotential is
slower (Hanitzsch, Karbaum, & Lichtenberger, 1999).
This could be caused by slight mechanical damage of
the very slender photoreceptors in mammalian retina as
the microelectrode penetrates the photoreceptor layer
before reaching the HCs. The normal HC response to
light has a clear overshoot, only then the plateau
potential, which represents the closed loop condition of
the feedback circuit (Kraaij et al., 2000), is linearly
dependent on the log intensity (Hanitzsch & Bligh,
1999).
A large overshoot of A- and B-type HCs is correlated
with a relative small afterpotential, which is thought to
be rod-dependent (Steinberg, 1969; Niemeyer &
Gouras, 1973). The afterpotential, it seems is as depen-
dent as is the overshoot upon the buffer. The axon
terminals of B-type HCs, which are connected to rods,
do not have an overshoot, but they have a very large
afterpotential which is also affected by the buffer. By
what process the buffer and probably the pHi, influence
the afterpotential is unclear.
The abnormal HC responses to light when the buffer-
ing is partly by HEPES must also jeopardize the inter-
pretation of the responses from other neurons that
might be influenced by HCs.
The conclusion that can be drawn from this study is
that HEPES is unsuitable as a buffer when the HCs in
isolated rabbit retina are being investigated. The 100%
HEPES-buffering probably disturbs pHi-regulation
which interferes with the transmitter release by photore-
ceptors and thus abolishes the responses of rabbit HCs
to light. With partial buffering by HEPES, which prob-
ably causes less disturbance in pHi regulation, the
overshoot is reduced and the afterpotential is increased.
The reduced overshoot may be caused by interference
with the feedback influence. This could be occurring at
the hemichannels in the triads of the photoreceptors.
The mechanism of the increased afterpotential is not
yet understood.
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